INTRODUCTION
A s industry began to evaluate CFC-replacements, it became apparent that foam performance characterizations have been based *Author to whom correspondence should be addressed. JOURNAL OF CELLULAR PLASTICS Volume 30-March 1994 0021-955X/94/02 0106-19 $06.00/0 @1994 Technomic Publishing Co., Inc. primarily on empirical evidence collected over a long period of gradual improvements. Much of the existing wealth of knowledge was simply not applicable to new systems. The development of new products with CFC replacements requires understanding how formulation variables (polyol, isocyanate, blowing agent, catalyst) and manufacturing conditions affect foam properties, how conditions in use affect foam performance and how the process of sample selection and testing may be used to provide feedback to design improved foams.
Testing forms an important link in this process. Testing technique that assumes uniform sample may not adequately characterize the foam's overall performance. Foam conditioning at elevated temperature, while useful for quality control on a given polymeric foam, is not suitable when comparing different combinations of polymer and blowing agents [4] .
From SPI/NRC and DuPont/NRC joint research, new techniques were developed for estimating long-term thermal performance of foams. Recognizing the differences in cell morphology between the surface and core regions of foam products [5] , all these new techniques use thin layers (slices) for measurements of diffusion or thermal properties (resistivity or conductivity). By measuring thermal resistivity as a function of time on open or partly encapsulated slices and normalizing these results, the characteristic aging curve is obtained [4] . This aging curve characterizes combined diffusion and solubility performance of the given polymeric matrix. This curve is affected very little by variation in such factors as BA concentration or extinction coefficient, which alter thermal properties of the foam with little or no effect on the rate of gas transport through the foam. For this reason, the normalized aging curve may be used to calculate long-term thermal resistance with a scaling method [6, 7] if the foam is homogenous enough, or to calculate the diffusion coefficient of blowing agent if the first stage of aging process (air ingress) has already been completed [8] .
Measuring thermal resistivity (conductivity) as a function of temperature on partially or fully encapsulated specimens permits determination of the blowing agent concentration if the condensation of the blowing agent occurs within the tested temperature region. For blowing agents which do not condense in the tested range of temperatures, additional information on cell gas composition may be needed [4] .
Our work, focused on testing methodology, addresses the package of techniques related to selection of foam components, including a blowing agent, screening of foam variability and assessment of long-term performance of the foam insulating system, i.e., foam provided with impermeable facers. This package can link tasks of the chemist for-mulating foam system with that of the foam manufacturer and the user asking questions about long-term thermal performance of the insulating system under specific conditions of use.
TECHNIQUES USED IN THIS RESEARCH
It is established that a fully encapsulated foam retains its initial thermal performance [9] . The blowing agent redistribution within the specimen and dissolution processes continues, but the encapsulation prevents the entry of air components into the foam. There is virtually no change in the thermal performance of this fully encapsulated foam specimen, because the cell-gas only contains the blowing agent. The thermal conductivity of the cell-gas does not depend on the pressure of the gas (as long as the gas pressure does not fall below 0.01 atmosphere) [10] . Thus, despite the change in the cell-gas pressure, as long as air has not entered into the cells of the foam, the thermal conductivity (k-factor) does not change. For this reason, foams with impermeable sheet metal facings demonstrated high thermal performance for an extended period of time [10] . The zero-aging panel, however, requires perfect encapsulation on all sides.
The effect of impermeable barriers is often greatly reduced by lateral diffusion in a thin layer of the foam adjacent to the impermeable facers. Even though this layer is only a few cells thick, the rate of gas diffusion parallel to the impermeable barrier may greatly exceed the rate of diffusion in the normal direction of the foam, even at significant distances from the edges, and reduce its thermal performance. Three reasons may be associated with the phenomenon of diffusion parallel to the impermeable gas barrier: (1) the roll-over of the cells during the lamination process, (2) the poor adhesion of the gas barrier to the foam, and (3) the collapse of cell walls under a shear stress introduced by the differences between the expansion coefficient of the metallic gas barrier and the foam. These effects may reduce the efficiency of the gas barriers, even when they are applied under well controlled conditions. This paper reviews five techniques used for screening of foam components (polyols, isocyanates, blowing agent and gas barriers), as well as manufacturing process with a view to ensuring good, long-term thermal performance of the foam. All these techniques employ periodic measurements of thermal properties such as thermal resistivity or thermal conductivity (one is the inverse of the other) either as a function of timc or temperature. Two of them use 25 mm thick specimens, a traditional thickness used in these measurements. Three others, more recently developed at NRC during collaborative work with indus-try (SPI/NRC [1] and DuPont/NRC [2] ), involve thermal measurements performed on either completely or partially encapsulated thin layer specimens (slices). These slices are cut from different locations in the cross-section of the product, allowing examination of how the manufacturing process affects the variability in material properties.
Furthermore, encapsulating the specimens permits performing thermal measurements after a few months when the process of gas redistribution is completed. As the encapsulation eliminates gas exchange between the environment and the specimen, the repeated measurements on encapsulated specimen may help in assessing the effect of redistribution of air and the blowing agent(s) solubility in the polymer [11] . When a foam has a densified material layer (skin), which may reduce the rate of aging, the specimen is encapsulated on all surfaces except the skin surface so that the diffusion through this surface can be compared to that of the core material. To eliminate gas flow through the surfaces other than the tested one, they were encapsulated with an epoxy resin applied in the manner previously described by Kumaran et al. [2] .
Another technique employing a partly encapsulated specimen was used for foams provided with gas barriers (impermeable facings). A thin layer of material adjacent to the facing is cut and encapsulated on all the surfaces except for that of the gas barrier. Then, a slot, 1 to 2 mm wide, is cut around the perimeter, directly under the gas barrier (see Figure 1 ). The effect of the open slot on thermal resistance of the slice should not be evident for several months, because the thermal resistance is measured on a central, metering area of the specimen, i.e., is separated from edges by a distance many times longer than the specimen thickness. If, however, the rate of lateral diffusion through the layer adjacent to the facer is much higher than the rate of normal gas diffusion, then a significant reduction of thermal resistance will be measured already within a few months. Therefore, measuring the rate of change in thermal properties on such, partly encapsulated, specimens can be used to estimate efficiency of facers in retarding the aging process.
To examine the discriminating value of this technique as well as some of the techniques described in previous research [1] [2] [3] , an evaluation of foam components, blowing agents, manufacturing process and efficiency of gas barriers was performed. Results are reported in the form of three series of comparative tests. The first series involved screening two polyols, two types of PMDI and two blowing agents to arrive at the best combination of the components. The second series involved screening of four different blowing agents for one polyol/PMDI combination. Since these series were intended to assess relative significance of different factors (screening tests), they included only a few specimens.
Conversely, the third series of tests was to evaluate the efficiency of the gas barrier in retarding the aging of a polyisocyanurate board manufactured with a reduced amount of CFC-11. As the results of such evaluation may depend on variability in material properties, this evaluation required a large number of test specimens.
MATERIALS AND RESULTS
Initially two blowing (frothing) agents and four foam components (two polyols and two types of PMDI) were included in comparative evaluation performed in two laboratories. Table 1 shows the combinations of the blowing agents and &dquo;A!' and &dquo;B&dquo; components and primary characteristics of froth foams manufactured and tested at BASF Corporation. Three of these foams (codes 1810, 1811, 1812) were also tested Table 1 . Component selection and characterization of the foams used in the first test series. Table 2 . Characterization of specimens prepared for thermal testing at NRC. at the National Research Council (NRC) Canada (see Table 2 ). The foam 1810, in this paper, is also referred to as &dquo;CFC foam.&dquo;
As a second series in this study (see Table 3 ), the polymer composition was fixed, and four different blowing agents, HCFC-141b/HCFC-22, HCFC-22, HFC-134a and HFC-152a, were used in pressurized froth foams.
In the third series of tests, yet another product (polyisocyanurate called C) laminated with impermeable gas barrier was tested. It was a free-rise product, faced with a gas barrier made out of Kraft paper laminated with aluminum foil and manufactured on a commercial equipment as 25 mm thick board and cut in 1.2 m x 2.4 m pieces.
The research involved testing standard thickness (25 mm thick) and thin layer specimens (5 to 10 mm thick slices). Different techniques for preparation of slices were previously discussed by Edgecombe [12] . The technique of cutting with a horizontal band saw was used, and the thickness of the destroyed surface layer (TDSL) was measured with the air displacement method (see Schwartz et al. [13] ). The values of TDSL were consistent for the tested specimens prepared with the band saw, although slightly higher than those determined on specimens prepared by means of surface grinding (Carborundum disc) [13] . Because of the consistency in the TDSL results and the comparative character of this work, all test specimens were prepared with the band saw.
Thin specimens were also used to determine distribution of density in Table 3 . Characterization of the second series specimens prepared for thermal testing. Tables 4 and 5 indicate that the experimental foam products were manufactured with acceptable uniformity. Table 2 indicates small differences in the initial thermal resistance of different foams used for screening process, i.e., selecting polyol and isocyanate components. Table 3 shows somewhat lower level of initial thermal resistance in the second test series, although the differences between various foams were also small. Equally uniform was Product C, manufactured at nominal density of 29 kg/m3 (Table 6 ).
Using the test data in Table 6 , a mean density of 28.6 kg/m3 (standard deviation 1 kg/m3) and a mean thermal resistivity of 50.7 m2K/W (standard deviation 1.3 m2K/W) were calculated. The initial thermal Table 5 . Density of the second series specimens prepared for thermal testing. Table 6 . Thickness, density and initial r-value for unfaced core layers of product C (3rd series).
resistivity measured on standard thickness encapsulated specimens (Table 7 ) and encapsulated slices cut from surface layers (Table 8) shows that product C is highly uniform. Mean value of thermal resistivity measured on full thickness, faced, specimens, Table 7 , is 54.5 m2K/W, compared to initial thermal resistance of about 51 m2K/W measured on unfaced slices (Table 6 ), indicating that some aging process has already occurred before those core slices were tested. Similarly, encapsulated and faced, thin-layered specimens, for which measured initial thermal resistivity values are shown in Table 8 , varies from the lowest r-values similar to that of unfaced material shown in Table 6 , to the highest values similar to those of the standard thickness boards shown in Table 7 . Table 7 . Thickness and initial r-value of standard thickness, faced board specimens. Table 8 . Thickness and initial r-value for encapsulated and faced surface layers of product C.
COMPONENT SELECTION IN RELATION TO LONG-TERM THERMAL PERFORMANCE
Different techniques can be used for screening the foam components, i.e., evaluating their compatibility and ratio to achieve a required level of long-term thermal performance. Figure 2 shows the aging curve [thermal resistivity (r-value) versus aging time] for foams used in the first test series. These results are presented as the dimensionless ther- mal resistivity, i.e., thermal resistivity divided by the initial r-value. The foam with the highest thermal resistivity at time zero was selected as the basis of normalization-the foam coded 31s manufactured with HCFC-22.
Use of the dimensionless r-value makes comparison of aging curves easy. First, differences in the initial r-values, as large as 12 percent, may be observed. Second, variance in the rate of aging is also easily observed. For example, one foam, coded 1811, started at the level comparable to the CFC foam (1810) but aged faster than the reference foam. However, another foam (coded 31s) showed aging rate lower than the reference CFC foam. Even though this foam (manufactured with HCFC-22) aged more than the CFC-11/CFC-12 foam, after 100 days of aging it showed an r-value equal to that of the CFC reference foam. Figure 3 shows aging of the same foams measured during the exposure to elevated temperature (60 ° C). The aging curves obtained under these conditions show similar relationships between different foams. Foam coded 31s showed the highest value of initial thermal resistivity, and its aging curve is therefore started at the dimensionless value of one. This foam shows the rate of aging slightly faster than that of the CFC foam, reaching after 100 days of aging a level of thermal performance slightly lower than the CFC foam. Similar to Figure 2 , foam coded 1812 shows poor long-term thermal resistivity. Comparing Figures 2 and 3 , one may, however, observe a difference in aging of foams coded 18s and 1811. These two foams, when exposed to elevated tem-perature, showed larger reduction of thermal performance than was the case at room temperature. Figures 2 and 3 show aging curves obtained on 25 mm thick specimens cut from 50 mm thick panel. While testing at 7, 30, 60 and 100 days is convenient for control of a foam quality, i.e., comparisons for the same polymeric material; this type of testing does not permit evaluating long-term thermal performance for different types of polymeric materials [4] .
To evaluate long-term thermal performance [3, 14] , aging curves were measured on 10 mm thick core and surface specimens and then recalculated for the standard thickness of the foam (52 mm) (see Figure  4 ) using thickness corrected with the thickness of destroyed cell layer (TDSL) [12, 13] .
Figures 2-4 allow a comparison of different techniques that can be used for screening the suitability of different polyols and PMDI. The differences in thermal performance of various foams are significant. Yet, these figures indicate that an appropriate combination of components may provide good, long term thermal performance of the foam even when the blowing agent itself has lower thermal performance than CFC. One froth system with HCFC-22 gives the long term thermal performance similar to that of the CFC foam employing CFC-11 and CFC-12. 
CROSS-SECTIONAL DIFFERENCES IN THERMAL PROPERTIES
Using a thin layer technique not only gives an estimate of thermal performance related to a much longer period of aging than the standard 25 mm thick specimens, but also permits assessing the crosssectional variability of material properties. Figure 4 shows dimensionless thermal resistivity for surface and core layers of two products, indicating a slight difference between each of these two locations. The same phenomenon is shown in Figure 5 which shows thermal resistivity as a function of temperature on thin, encapsulated layers cut from the foam surfaces (codes e and h) and the middle core (codes f and g) [11, 15] , Figure 5 shows thermal resistivity as a function of temperature measured one and ten months after foam manufacturing. Earlier work [11, 16] has shown a drift in thermal resistivity of encapsulated polyurethane specimens over a period of a minimum of seven months, indicating that such a period was necessary to reach a final equilibrium between cell gases and polymeric matrix. These curves also show that thermal performance of surface layers (e and h) is not as good as that of middle core layers (f and g). Figure 6 shows thermal resistivity of the foam 1811 as a function of temperature measured one and ten months after foam manufacturing. There is no condensation of the blowing agent (HCFC-22) within the examined temperature range, and the r-value may be approximated as a linear function of temperature. As in the previous case, thermal resistivity as a function of temperature measured on the same spe- 88, HCFC-22 for the foam coded 430-90, HFC-134a for the foam coded 430-94 and HFC-152a for the foam coded 430-92 (see Table 3 ). All these foams show behavior similar to that shown in Figure 6 . For foams tested in Figures 7 and 8 , the surface-to-core differences are slightly smaller than those in the previous case (see Figure 6 ).
These results show that the testing techniques developed at NRC permit detecting differences in thermal performance of thin layers cut from different locations which are related to the manufacturing processes for frothed (this paper), sprayed [6] or molded foams [17] . These techniques may, therefore, be used in the quality assurance for different foam products.
EFFICIENCY OF GAS-BARRIERS IN RETARDING AGING OF RIGID FOAMS
Aging of thin-layered, faced and encapsulated specimens provided with a groove on their perimeter was examined with a view to establishing an accelerated method of testing gas barrier efficiency in retarding the aging process. Aging rates of such specimens were compared with that of unfaced foam (see Figure 9 ). Figure 9 shows aging curves of four core layers cut from different boards and recalculated to standard thickness of product C. Figure 10 shows aging curves obtained on such specimens with area of 300 x 300 mm square, while Figure 11 shows results measured on 600 x 600 mm square spec- imens. The reduction of thermal resistance became evident after 10-30 days of aging of the smaller specimens and 30-60 days of aging of the larger specimens. Since the metering area of a thermal test is 75 mm and 150 mm away from the perimeter, i.e., 3 or 6 times further than the specimen thickness, the reduction in the specimen thermal resistance seen in Figures 10 and 11 implies the presence of a strong lateral diffusion in the layer adjacent to the gas barrier. The measurements performed over a three year period on the control specimens (300 x 300 mm square provided with facing on both sides) are shown in Figure 12 . These measurements can be compared with the results shown in Figures 10 and 11 . Figure 12 shows that the gas barrier functioned effectively. There was practically no change in thermal performance of the control specimens, while there was a very significant diffusion under gas barriers in the results shown in The cause of this apparent paradox may be related to the technique used for preparing the specimens. A vacuum was applied to one side of the specimen (gas barrier) to prevent it from moving during cutting the slices. It is probable that under these circumstances the vibrations introduced by the band saw affected a bond between the foam and the gas barrier. Since control specimens were not cut on a vacuum table, the bond between the gas barrier and the foam was not affected; the results shown in Figure 12 indicate that the gas barrier was highly efficient in retarding the aging process. Therefore, observation of such a large difference between these two series of experiments highlights the danger of performing laboratory tests in conditions not representing those in the field. Placing a gas barrier on a vacuum table during the sample preparation appears unacceptable.
CONCLUDING REMARKS
The review of different techniques which can be used to assess the importance of various components in retarding aging of rigid, thermal insulating foams indicates that periodic testing of thermal properties performed on either completely or partially encapsulated slices may help in the quality assurance of the boardstock products. These techniques not only help in screening of different polyols and polyisocyanates to achieve best long-term performance of the foam but also may help in evaluating variations in foam properties introduced by the manufacturing process. Two evaluation techniques were applied for the selection of foam components with a view to long-term thermal performance (series 1 and 2). They proved to be simple, but powerful tools for screening the compatibility of foam components. The differences in thermal performance of various foams were significant. Yet, an appropriate combination of components may provide good, long term thermal performance of the foam even when the blowing agent itself has lower thermal performance than the previously used CFC. In the studied case, one froth system with HCFC-22 gave the long term thermal performance similar to that of the CFC foam employing CFC-11 and CFC-12.
An additional advantage obtained from these measurements is the knowledge of temperature dependence of the thermal resistivity (conductivity). As shown for the gaseous blowing agents, such as HCFC-22, HFC-134a or HFC-152a, there is a continuous improvement of the foam thermal resistivity with reduction of the operating temperature. It indicates that use of some blowing agents may be more efficient in low operating temperatures than the others, a fact not forthcoming from the standard thermal testing at room temperature.
Finally, a modification of the encapsulation technique was used to determine efficiency of the gas barrier. These experiments were not successful, as the bond between the gas barrier and the foam showed an alarming dependence on sample preparation. Another method of sample preparation or perhaps a technique based on rapidly diffusing gas with low solubility, e.g. helium, may be considered for development of gas barrier efficiency test.
